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ABSTRACT 

Spectrophotometry and imaging of the two planetary nebulae He 2-436 and Wray 16- 
423, recently discovered to be in the Sagittarius dwarf elliptical galaxy, are presented. 
Wray 16-423 is a high excitation planetary nebula (PN) with a hot central star. In 
contrast He 2-436 is a high density nebula with a cooler central star and evidence 
of local dust, the extinction exceeding that for Wray 16-423 by E^-y = 0.28. The 
extinction to Wray 16-423, (E^-y=0.14) is consistent with the line of sight extinction 
to the Sagittarius Dwarf. Both PN show Wolf-Rayet features in their spectra, although 
the lines are weak in Wray 16-423. Images in [O III] and Ha+[N II], although affected 
by poor seeing, yield a diameter of 1.2" for Wray 16-423 after deconvolution, whilst 
He 2-436 was unresolved. He 2-436 has a luminosity about twice that of Wray 16-423 



1 Based on observations at the European Southern Observatory, La Silla 
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and its size and high density suggest a younger nebula. In order to reconcile the differing 
luminosity and nebular properties of the two nebulae with similar age progenitor stars, 
it is suggested that they are on He burning tracks 

An abundance analysis is presented for both PN using empirical abundance deter- 
minations. The abundance pattern is very similar in both nebulae and both show an 
oxygen depletion of —0.4 dex with respect to the mean oxygen abundance of Galactic 
planetary nebulae and [O/H] = —0.6 . The Sagittarius PN progenitor stars are rep- 
resentative of the higher metallicity tail of the Sagittarius population. The pattern of 
abundance depletion is similar to that in the only other planetary nebula in a dwarf 
galaxy companion of the Milky Way, that in Fornax, for which new spectra are pre- 
sented. However the abundances are larger than for Galactic halo PN suggesting a later 
formation age. The oxygen abundance of the Sagittarius galaxy deduced from its PN, 
shows similarities with that of dwarf ellipticals around M 31, advancing the notion that 
this galaxy was a dwarf elliptical before its interaction with the Milky Way. 

Subject headings: Planetary Nebulae: individual - He 2-436 and Wray 16-423; Galaxies: 
individual - Sagittarius; Galaxies: individual - Fornax; Dwarf elliptical galaxies 
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1. Introduction 

The Sagittarius dwarf elliptical galaxy (syn- 
onymous with the Sagittarius dwarf spheroidal) 
was discovered only in 1994 by Ibata et al. (1994, 
1995) and lies in a region some ten degrees from 
the Galactic Centre, at a distance of 25 ± 3 
kpc. Extensive photometry and star counts have 
shown that the full extent of this galaxy is larger 
than first revealed. Alard (1996) and Alcock et 
al. (1997) found RR Lyrae stars belonging to this 
galaxy in fields out to Galactic latitude b = —2° 
and Mateo et al. (1996) and Ibata et al. (1997) 
found members extending below b = —25°, im- 
plying an extension of at least 25°, or more than 
10 kpc for a distance of 25 kpc. The galaxy ap- 
pears to be prolate with an axis ratio of 3:1 ( [Ibata 
t al. 1997 ). Based on determination of its orbit, 



the galaxy must have undergone many orbital 
crossing of the Galaxy, but although distorted 



has not been disrupted (Ibata et al. 1997; Ma- 



teo et al. 1996 ). There are four globular clusters 



associated with the Sagitarius dwarf, of which 



M 54 may constitute the nucleus ( Ibata et al. 



1994!; |da Costa fc Armandroff 1995|; Minniti et 



al. 1996 ). The galaxy appears to be more mas- 
sive than the majority of Galactic dwarf ellipti- 
cals and its luminosity is >2xl0 7 L ( Mateo et 
al. 1996|) . Zijlstra & Walsh (1996) during the 



course of a survey of the dynamics of planetary 
nebulae (PN) toward the Galactic Bulge discov- 
ered that two previously catalogued (Galactic) 
PN in the direction towards the Sagittarius dwarf 
had radial velocities in agreement with that of 
the tidal tail of the Sagittarius galaxy. Figure 
1 in Zijlstra & Walsh (1996) shows the posi- 
tion of these two PN (He 2-436, Penize 1967D 
and Wray 16-423 ( |Wray 1966]) ) in relation to the 
galaxy and its globular clusters. A third PN 
(PRMG-1) also lies in the direction towards this 
galaxy (I = 6.0, b = —41.9), and has been consid- 
ered ELS cl halo planetary nebula on the basis of 
its low abundances QPena et al. 1989)) . PRMG- 
1 clearly does not belong to the Galactic bulge 
population so could be a possible member of the 



Sagittarius dwarf; lacking a radial velocity mea- 
surement however, its membership is unproven. 

In view of the importance of these PN for 
studying the stellar population and star forma- 
tion history of the closest dwarf galaxy to our 
Galaxy, narrow and broad slit spectrophotom- 
etry and emission line imagery were obtained 
of both He 2-436 and Wray 16-423 in order to 
study their chemical abundances and their size 
and structure. In addition, spectroscopy of the 
only other PN known in a dwarf elliptical satel- 
lite galaxy of the Milky Way, that in Fornax 
(panziger et al. 1978| ), was also obtained. Sec- 
tion 2 presents the observations and reductions 
and Section 3 the analysis. Section 4 discusses 
the abundance pattern revealed by these three 
nebulae in the context of the chemical evolution 
of the local dwarf galaxies. 

2. Observations and Reductions 



2.1. Spectrometry 

Long slit observations of both Sagittarius dwarf 
galaxy PN were obtained with the ESO NTT 
and Nasmyth imager/spectrograph EMMI us- 
ing the Red Imaging and Low Dispersion Mode 
(RILD) mode, with grism #3 and a slit width 
of 1.5". The RILD mode allows imaging, long- 
slit grism spectroscopy, slitless and multi-object 
spectroscopy over the wavelength range 4000 
- lOOOOA. The detector was a Tek 2048x2048 
thinned chip (ESO#36, TK512CB) with 24/mi 
pixels (0.27") and the spectral resolution (2 pix- 
els) was 4.5A. Details of the observations are 
listed in Table 1. He-Ar comparison lamp spec- 
tra and broad slit (5.0") exposures of the spec- 
trophotometry standard EG274 (Hamuy et al 



1994) were obtained for wavelength and flux cal- 
ibration respectively. 

Both Sagittarius PN were also observed with 
the ESO 1.52m telescope and Boiler and Chivens 
spectrograph with a Loral/Lesser 2048 2 CCD 
(ESO #39) as detector (15/im pixels and read- 
out noise 5e~). Low dispersion spectra (13lA/mm) 
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covering the optical range at a resolution of 
5A (up to 7A in the blue) were obtained with 
both short and long exposures to record bright 
emission lines unsaturated as well as weak lines. 
Broad slit spectra were also obtained of Wray 16- 
423 for determination of the absolute line flux. 
Higher dispersion spectra with a holographic 
grating (#32) giving a resolution of 0.99A were 
used to resolve the density sensitive [O II] 3627,3729A 
doublet, and optimally record the weak C II 
4267A line. All details are given in Table 1. 



Broad slit observations of LTT 3864 (Hamuy et 



al. 1994) accompanied all the PN observations 
for flux calibration. For the low dispersion spec- 



tral the very high quantum efficiency m the blue 
for this coated CCD meant that there was signif- 
icant contamination of the spectra from second 
order light at wavelengths above 6300A, despite 
using a GG345 blocking filter. As a result the 
sensitivity curves derived from the spectrophoto- 
metric standard star spectra are not reliable in 
the red (>6500A) despite using a standard star 
of late spectral type. Exposures of a He-Ar lamp 
were used for the purposes of wavelength calibra- 
tion. The seeing was around 1-1.5" for the 1.5m 
observations and the observing nights photomet- 
ric except the last when the higher dispersion 
spectra were obtained. 

All the 2-D spectra were reduced in the usual 
way, using the spectroscopic packages in IRAF0. 
The bias was subtracted, the pixel-to-pixel vari- 
ations were rectified by division by a mean sky 
flat field exposure and the data were rebinned 
into channels of constant wavelength width by 
fitting third order polynomials to the comparison 
lamp spectra. The atmospheric extinction was 
corrected and an absolute flux calibration was 
applied from the observation of the spectrophoto- 
metric standard. Spectra were extracted over the 
total extent of the nebulae along the slit (large 



IRAF is distributed by the National Optical Astronomy 
Observatories, which is operated by the Associated Uni- 
versities for Research in Astronomy, Inc., under contract 
to the National Science Foundation. 



for the NTT observations on account of the poor 
focus) and the mean sky from along the slit was 
utilized for sky subtraction. 

The Fornax PN was observed with the SAAO 
1.9m Cassegrain unit spectrograph and a Reti- 
con photon counting detector (RPCS). 1-d spec- 
tra (1024 pixels) of object and offset sky are ob- 
tained through two apertures separated by 30" 
on the sky of length 6". Low dispersion spec- 
tra with a 210A/mm grating giving a resolution 
of 8 A were obtained. A series of six 1200s ex- 
posures was obtained alternating the object in 
each aperture. Exposures of the spectrophoto- 
metric standard star LTT 1020 ( |Hamuy et al 



1994) were obtained in a similar manner. All 



the data were wavelength calibrated with Cu-Ar 
lamp exposures. Full details are listed in Table 
1. The spectra of the standard and the target 
were reduced separately for each aperture. After 
wavelength calibration and extinction correction, 
sky in the paired aperture was subtracted, the 
separate spectra averaged and the spectrum flux 
calibrated by the standard star spectrum in the 
same aperture. The final spectrum was formed 
from the averaged spectra from both sets of cal- 
ibrated aperture spectra. 

2.2. Imaging 

Accurate J2000 coordinates were determined 
for both confirmed Sagittarius galaxy PN, and 
for the possible candidate PRMG-1, and are 
listed in Table 2. 

On the same night as the NTT spectroscopic 
observations, [O III]5007A and Ha+[N II] emis- 
sion line images were obtained of both He 2-436 
and Wray 16-423 with EMMI. Table 3 presents 
the details of the filter observations. The detec- 
tor was the same as that used for spectroscopy. 
The NTT observations were obtained in Direc- 
tor's Discretionary Time following telescope and 
instrument testing. An image analysis had not 
been performed to set the active optics. The 
images therefore suffer from poor focus and un- 
corrected coma. The seeing was in addition not 
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Table 1: Log of spectrometric observations 



Telescope/ 


Object 


Lines 


A range 


Slit width 


Exp. 


Date 


Instrument 




mm -1 


(A) 


(") 


(s) 




NTT/EMMI 


He 2-436 


360 


3800-8400 


1.5 


1200 


1996 May 28 


RILD 


Wray 16-423 


360 


3800-8400 


1.5 


1000 


1996 May 28 




Wray 16-423 


360 


3800-8400 


5.0 


200 


1996 May 28 


ESO 1.5m/ 


He 2-436 


600 


3600-7300 


2.0 


600 


1996 June 03 


B & C 


He 2-436 


600 


3600-7300 


2.0 


1800 


1996 June 03 




He 2-423 


2400 


3490-4490 


2.0 


2400 


1996 June 06 




Wray 16-423 


600 


3600-7300 


2.0 


180 


1996 June 04 




Wray 16-423 


600 


3600-7300 


2.0 


1800 


1996 June 04 




Wray 16-423 


600 


3600-7300 


6.4 


900 


1996 June 04 




Wray 16-423 


2400 


3490-4490 


2.0 


3600 


1996 June 06 


SAAO 1.9m/ 


Fornax PN 


300 


3300-7500 


1.8 


7200 


1990 Sept 22 



RPCS 



Table 2: Coordinates of confirmed and possible planetary nebulae in the Sagittarius Dwarf 



PN RA (J2000) Dec Heliocentric 

h m s ° ' " velocity 

(kms -1 ) 



He 2-436 19 32 06.69 
Wray 16-423 19 22 10.52 
PRMG-1 21 05 53.57 



-34 12 57.8 +133 
-31 30 38.8 +133 
-37 08 40.7 
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good with values in excess of 1", and the mea- 
sured seeing (FWHM) of star images was 1.5". 
In the limited time available, no flat field frames 
could be taken nor spectrophotometric calibra- 
tion stars observed. The images were therefore 
treated in essentially their raw form. 

3. Results 

3.1. Spectrometry 

All the spectra were analysed by interactively 
fitting Gaussians to the emission lines. Errors on 
the line fits were computed taking into account 
the photon noise on the data, the read-out noise 
and the underlying continuum and sky, and er- 
rors on the lines fluxes were propagated. Within 
the errors the ESO 1.5m low and intermedi- 
ate dispersion data were consistent for each PN. 
However the reddening for He 2-436, determined 
from the ratios of the observed Balmer lines to 
the Case B values, for the NTT grism data was 
larger than the value determined from the ESO 
1.5m data. Also no consistent fit to a single value 
of c was determined from the Ha/H/3, H/3/H7 
and H/3/H<5 ratios for the NTT observations of 
Wray 16-423. 

The NTT data suffered from poor focus which 
may have affected the spectral transmission, even 
though the observations were taken at modest 
zenith distances (29° for the standard, 26° for 
He 2-436 and 16° for Wray 16-423). The He 2-436 
NTT spectrum indicated a consistent, but high, 
value of the reddening from ratios of Balmer lines 
and was taken at similar airmass to the spec- 
trophotometric standard, whilst the airmass of 
the Wray 16-423 observation differed. The dif- 
ferent values of reddening remain puzzling but 
the dereddened spectra from the ESO 1.5m and 
NTT data for He 2-423 were very similar tending 
to indicate that there was a systematic (colour) 
eff ect for the NTT spectra, |Jacoby fc Kaler 1993| 



age analysis most probably resulted in the image 
being centred in the slit only for a narrow range 
of wavelengths and thus the effects of differential 
atmospheric refraction were exaggerated. In par- 
ticular uncorrected coma (which is wavelength 
dependent) could account for the effects. It was 
decided to adopt the ESO 1.5m reddening values 
and use the relative line fluxes in the blue. Where 
fainter lines were detected in the NTT spectra, 
or better detections of fainter lines, these values 
were used, taking the ratio to the nearest strong 
line; errors were propagated accordingly. In the 
red (A^6300A) the second order contamination 
affected the ESO 1.5m fluxes, so the NTT fluxes 
were used in this region scaled to the dereddened 
Ha flux. Thus the composite spectrum was con- 
structed in dereddened space and then reddened. 
The Galactic reddening law (|Seaton 1979 ) was 
used throughout. 

Tables 4 and 5 list the resulting observed 
and dereddened nebular spectra of He 2-436 
and Wray 16-423 respectively. The errors are 
the propagated la errors from the line fits; the 
sometimes differing error values for lines of sim- 
ilar strength result from the source of the line 
strengths (ESO 1.5m grating low dispersion (3600- 
6400A), ESO 1.5m intermediate dispersion for 
the 3500-4500A region and NTT spectrum (4100- 
8000A)). Given that the final spectra in Tables 4 
and 5 are composites of several individual spec- 
tra, there may be small systematic errors which 
increase slightly the errors above those tabulated. 
The errors on the reddening have not been prop- 
agated to the dereddened relative line intensities 
in Tables 4 and 5. Table 6 lists the derived pa- 
rameters from the spectra. Noteworthy is the 
differing value of c for the two nebulae. He 2-436 
has a much higher extinction (by 0.28 in ~Eb~v) 
than Wray 16-423. The extinction to Wray 16- 
423 is the same as that for the stellar component 



of the Sagittarius dwarf ( Ibata et al. 1995 ; Mateo 



ha ve discussed in detail the problems encoun- 



et al. 1995), further corroborating evidence that 



tered in spectrophtometry of faint emission line 
objects such as PN. In our case the lack of im- 



it is indeed a bona fide member of this galaxy. 
The higher extinction to He 2-423 is either evi- 
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Table 3: Log of NTT/EMMI imaging observations 



Target 


Filter 


Central A 


Width 


Exp. 


Date 


Name 


Name 


(A) 


(A) 


(s) 




He 2-436 


[0 III] 


5013 


59 


300 


1996 May 27 


He 2-436 


Ha+[N II] 


6566 


61 


300 


1996 May 27 


Wray 16-423 


[0 III] 


5013 


59 


200 


1996 May 27 


Wray 16-423 


Ha+[N II] 


6566 


61 


300 


1996 May 27 




4500 5000 5500 

Wavelenght (A) 



Fi gj. 1. — (a) The dereddened spectrum (thick" 
bold line), the nebular continuum (short-dashed 
line), the adopted black body flux (long-dashed 
line) and the sum of black body and nebular con- 
tinuum (continuous line) are shown for the fit 
to the spectrum of He 2-436. (b) The dered- 
dened spectrum, the nebular continuum and the 
adopted black body flux are similarly shown for 
Wray 16-423. 



dence for patchy extinction along the two line of 
sight through the Galaxy to this PN or suggests 
that there is local extinction in He 2-423. Given 
that He 2-423 is a compact, dense nebula with 
strong IR emission (it corresponds to the IRAS 
point source 19288-3419 with well detected 12 
and 25/mi fluxes), then there is probably a large 
component of local extinction present. 

The absolute observed H/3 flux for Wray 16- 
423 was determined from the wide slit observa- 
tion. For He 2-436 no reliable wide slit observa- 



tion was obtained and the result from Webster 



1983| was used. The H I (and for Wray 16-423 



the He II) black body Zanstra temperatures were 
determined from the long exposure (narrow slit) 
spectra after scaling the total spectrum (line + 
continuum) by the ratio of the absolute H/3 flux 
to the observed H/3 flux, reddening correcting the 
spectra and subtracting the H and He nebula 
continuum (bound- free, free- free and 2-photon), 
using the DIPSO analysis package flHowarth et| 
al. 1995] ). The dereddened stellar B magnitudes 
were determined from the continuum flux and are 
listed in Table 6. Figure 1 shows a composite of 
the dereddened spectra and the nebular and stel- 
lar continua; the stellar continuum is shown as a 
black body of temperature 60000K for He 2-436 
and 90000K for Wray 16-423. 
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Table 4 

Observed and reddening corrected spectrum of He 2-436 



A (A) IDENTIFICATION OBSERVED DEREDDENED 







FLUX 


ERROR 


FLUX 


ERROR 


3704 


H I (B16) 


2.70 


0.90 


3.90 


1.29 


3712 


H I (B15) 


2.97 


0.66 


4.28 


0.95 


3722 


H I (B14) 


3.08 


0.48 


4.42 


0.69 


3726 


[O II] 


5.36 


0.44 


7.68 


0.63 


3728 


[O II] 


2.18 


0.61 


3.13 


0.87 


3734 


H I (B13) 


2.06 


0.46 


2.95 


0.66 


3749 


H I (B12) 


4.54 


0.70 


6.47 


0.99 


3770 


H I (Bll) 


3.72 


0.75 


5.28 


1.07 


3798 


H I (B10) 


3.99 


0.57 


5.62 


0.81 


3820 


He I 


0.86 


0.37 


1.21 


0.51 


3836 


H I (B9) 


5.57 


0.34 


7.76 


0.47 


3869 


[Ne III] 


41.75 


0.75 


57.70 


1.04 


3889 


H I (B8) + He I 


13.37 


0.38 


18.37 


0.52 


3967 


[Ne III] 


13.92 


0.49 


18.71 


0.66 


3970 


He (B7) 


11.97 


0.45 


16.08 


0.60 


4026 


He I 


2.65 


0.35 


3.50 


0.46 


4068 


[S II] 


2.13 


0.44 


2.78 


0.57 


4076 


[S II] 


0.75 


0.34 


0.98 


0.44 


4101 


H<5 (B6) 


20.26 


0.44 


26.15 


0.56 


4267 


C II 


0.79 


0.19 


0.97 


0.23 


4340 


H 7 (B5) 


39.17 


0.59 


46.79 


0.70 


4363 


[O III] 


12.07 


0.24 


14.31 


0.29 


4471 


He I 


5.34 


0.19 


6.11 


0.21 


4712 


[Ar IV] + He I 


1.49 


0.18 


1.57 


0.19 


4740 


[At IV] 


0.71 


0.13 


0.74 


0.14 


4861 


H/3 (B4) 


100.00 


0.00 


100.00 


0.00 


4921 


He I 


1.67 


0.13 


1.63 


0.13 


4959 


[O III] 


281.03 


1.32 


271.64 


1.28 


5007 


[O III] 


831.72 


3.45 


790.83 


3.28 


5517 


[CI III] 


0.26 


0.11 


0.21 


0.09 


5537 


[CI III] 


0.17 


0.08 


0.13 


0.07 


5755 


[N II] 


1.44 


0.12 


1.10 


0.09 


5876 


He I 


24.62 


0.22 


18.21 


0.16 


6301 


[O I] 


7.28 


0.07 


4.90 


0.05 


6312 


[S III] 


3.68 


0.05 


2.47 


0.03 


6364 


[O I] 


2.71 


0.06 


1.80 


0.04 


6548 


[N II] 


5.54 


0.71 


3.54 


0.45 


6563 


Ha (B3) 


442.54 


1.49 


282.16 


0.95 


6583 


[N II] 


1|00 


0.54 


11.43 


0.34 


6678 


He I 


7.17 


0.08 


4.47 


0.05 



Table 4 — Continued 



A (A) IDENTIFICATION OBSERVED DEREDDENED 







FLUX 


ERROR 


FLUX 


ERROR 


6717 


[S II] 


0.79 


0.05 


0.49 


0.03 


6731 


[S II] 


1.79 


0.04 


1.11 


0.03 


7065 


He I 


22.13 


0.34 


12.84 


0.20 


7136 


[Ar III] 


11.31 


0.25 


6.48 


0.14 


7235 


[At IV] 


1.60 


0.06 


0.90 


0.03 


7254 


I 


0.23 


0.06 


0.13 


0.03 


7281 


He I 


1.92 


0.06 


1.07 


0.03 


7320 


[0 II] 


11.23 


0.08 


6.24 


0.05 


7330 


[0 II] 


12.68 


0.08 


7.03 


0.05 


7749 


[Arlll] 


2.34 


0.06 


1.22 


0.03 


7818 


He I 


0.50 


0.05 


0.26 


0.03 
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Table 5 

Observed and reddening corrected spectrum of Wray 16-423 



A (A) IDENTIFICATION OBSERVED DEREDDENED 







FLUX 


ERROR 


FLUX 


ERROR 


3686 


H I (B19) 


0.57 


0.27 


0.65 


0.30 


3691 


H I (B18) 


0.72 


0.29 


0.82 


0.32 


3697 


H I (B17) 


1.02 


0.25 


1.15 


0.28 


3704 


H I (B16) 


1.75 


0.30 


1.97 


0.34 


3712 


H I (B15) 


1.86 


0.30 


2.09 


0.34 


3723 


H I (B14) 


4.20 


0.26 


4.73 


0.29 


3726 


[O II] 


16.55 


0.25 


18.62 


0.29 


3728 


[O II] 


7.86 


0.24 


8.84 


0.27 


3734 


H I (B13) 


2.44 


0.28 


2.74 


0.32 


3750 


H I (B12) 


2.68 


0.33 


3.02 


0.37 


3754 


O III 


0.86 


0.37 


0.96 


0.41 


3760 


O III 


1.00 


0.25 


1.12 


0.28 


3770 


H I (Bll) 


3.71 


0.25 


4.16 


0.28 


3798 


H I (B10) 


4.50 


0.27 


5.03 


0.30 


3819 


He I 


1.14 


0.23 


1.27 


0.25 


3835 


H I (B9) 


6.24 


0.25 


6.96 


0.28 


3868 


[Ne III] 


66.73 


0.67 


74.20 


0.74 


3889 


H I (B8) + He I 


16.72 


0.25 


18.56 


0.27 


3967 


[Ne III] 


21.31 


0.21 


23.48 


0.23 


3970 


He (B7) 


12.14 


0.16 


13.37 


0.18 


4026 


He I 


2.62 


0.21 


2.88 


0.23 


4069 


[S II] 


1.93 


0.24 


2.10 


0.26 


4076 


[S II] 


0.61 


0.17 


0.66 


0.18 


4101 


H.8 (B6) 


23.58 


0.25 


25.64 


0.27 


4143 


He I 


0.68 


0.23 


0.74 


0.25 


4267 


C II 


0.46 


0.14 


0.49 


0.15 


4340 


H 7 (B5) 


44.69 


0.21 


47.38 


0.22 


4363 


[O III] 


12.92 


0.20 


13.67 


0.21 


4387 


He I 


0.70 


0.09 


0.74 


0.10 


4471 


He I 


5.20 


0.22 


5.43 


0.23 


4517 


C III? 


3.39 


0.18 


3.52 


0.19 


4541 


He II 


0.31 


0.07 


0.32 


0.08 


4569 


[Mg I] 


0.30 


0.09 


0.31 


0.10 


4685 


He II 


11.14 


0.13 


11.36 


0.13 


4712 


[Ar IV] + He I 


2.99 


0.08 


3.04 


0.09 


4740 


[At IV] 


2.86 


0.07 


2.90 


0.08 


4861 


H/3 (B4) 


100.00 


0.00 


100.00 


0.00 


4922 


He I 


1.34 


0.07 


1.33 


0.07 


4959 


[O III] 


37fcj21 


0.99 


373.07 


0.98 


5007 


[O III] 


1102.69 


2.71 


1084.79 


2.67 



\ii Table 7 the observed and dereddened spec- 1995 ). For He I the recent recombination coeffi 



tra of the Fornax PN are presented. The flux 
measurements are not of high quality; the extinc- 
tion is zero to within the error and the [O III] 4363 A 



line was not detected, nor were the [S II16716+6731A 



lines. The relative fluxes are, within the er- 
rors, generally consistent with those presented 
by Danziger et al. (1978) with the exception 
of the [N II] 6583A line which is 35% stronger 
(compared to [O II]3727A) than measured by 
Danziger et al. (1978) based on deblending of 
the [N II] line from Ha. Until improved data 
are available, and in particular a determination 
of the electron density, the abundances presented 
by Maran et al. (1984), based on the Danziger 
et al. (1978) fluxes, will be used, with exception 
of the N abundance which is increased by 35%. 

Figure 2 shows N e - T e diagnostic diagrams 
for He 2-436 and Wray 16-423. For Wray 16-423 
there is a fairly well defined intersection region 
between the [O III]5007/4363A, [N II]6583/5755A 
and [ArIV]4711/4740A, [CI III]5517/5537A, [SII] 
and [O II] diagnostic ratios; taking account of the 
errors in the ratios, values for T e of 12400K and 
N e of 6000cm~ 3 were adopted. For He 2-436, the 
[O II] and [S II] diagnotics shows densities close 
to the critical densities for the upper levels of var- 
ious transitions. The only reliable intersection is 
for the [O III], [N II] and [O II]7325/3727A ra- 
tio; the adopted values of T e and N e are 12600K 
and 1.1 xlO 5 respectively. Estimated errors on 
T e and N e for both nebulae are listed in Table 
6. Considering the observational errors and their 
propagation to the derived diagnotic parameters, 
it was not considered warranted to distinguish 
two electron temperature regimes as measured 
from the [O III] and [N II] diagnostic ratios. Ion- 
ized masses of both nebulae were calculated from 
the absolute H/3 fluxes and the adopted electron 
densities and are listed in Table 6. 

Using the adopted diagnostics, the abundances 
of the elements were derived for the forbidden 
line species from five level atoms calculations 



cients of Smits (1996) were used and for He II the 
values tabulated by Osterbrock (1989). Using 
standard ionization correction factors ((Barker 



1983| and |Kingsburgh fc Barlow 1994|) , the to- 
tal abundances of He, O, N, Ne, S, Ar were de- 
rived and are listed in Table 8 with the maximum 
one-sided errors (based on propagated errors in 
both T e and N e and the line ratios). The total C 
abundance is not listed in Table 8, since only the 
C II 4267A recombination line was observed; this 
line is notoriously unreliable for C/H determina- 
tion (see [Rola fe Stasinska 1995Q . The 4267A line 
was detected in both nebulae (signal-to-noise >3) 
and in multiple spectra. The C 2+ /0 2+ ratio (~ 
C/O) is 7.8±2.3 for He 2-436 and 3.4±1.2 for 
Wray 16-423 (errors from the C II/ [O III] line 
ratio), indicating that both PN may be carbon 
rich. This would not be surprizing given that 
there are carbon stars observed in the Sagittar- 
ius galaxy ( Whitelock et al. 1996| ) and a carbon 
Mira has been discovered (Whitelock, 1997, pri- 
vate communication). Maran et al. (1984) deter- 
mined that the PN in Fornax is also carbon rich 
(C/0=3.7), using a measurement of the forbid- 
den C III] doublet at 1908A. 

3.2. Imaging 

For both the [O III] and Ha images, a bright 
unsaturated star image was selected and used as 
the PSF for a Richardson-Lucy restoration of the 
region around the PN images. 100 iterations of 
the Lucy (1974) iterative deconvolution were per- 
formed. The image of He 2-436 appeared stellar 
(i.e. unresolved) in both filter images, implying 
a diameter <1". For Wray 16-423, the source 
appeared to be elliptical with a major axis of 
1.2" and axial ratio 0.7 in position angle ~ 50°. 
Adopting another star in the field for the PSF 
did not alter these results significantly. Higher 
resolution (e.g. HST) images are required to re- 
solve both nebulae and give more information on 
their morphology. 



using the NEBULA package (Shaw Dufour 
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Table 5 — Continued 



A (A) IDENTIFICATION OBSERVED DEREDDENED 







FLUX 


ERROR 


FLUX 


ERROR 


5048 


He I 


0.22 


0.06 


0.22 


0.06 


5412 


He II 


1.03 


0.06 


0.97 


0.05 


5518 


[CI III] 


0.27 


0.05 


0.25 


0.04 


5538 


[CI III] 


0.37 


0.04 


0.34 


0.04 


5755 


[N II] 


0.58 


0.06 


0.53 


0.06 


5795 


He II 


0.40 


0.03 


0.37 


0.03 


5814 


He II 


0.20 


0.04 


0.19 


0.04 


5876 


He I 


18.07 


0.10 


16.37 


0.09 


6103 


[K IVl 

L J 


0.15 


0.04 


0.14 


0.04 


6302 


[0 I] 


2.41 


0.07 


2.12 


0.06 


6313 


[S III] 


2.05 


0.07 


1.80 


0.06 


6366 


[0 I] 


0.94 


0.06 


0.83 


0.05 


6550 


[N II] 


6.30 


0.06 


5.44 


0.05 


6563 


Ha (B3) 


329.14 


0.83 


284.02 


0.72 


6586 


[N II] 


20.58 


0.09 


17.73 


0.08 


6680 


He I 


4.66 


0.20 


3.99 


0.17 


6719 


[S II] 


1.79 


0.10 


1.53 


0.09 


6733 


[S II] 


3.36 


0.09 


2.86 


0.07 


7065 


He I 


8.74 


0.10 


7.31 


0.08 


7138 


[Ar III] 


11.71 


0.12 


9.76 


0.10 


7236 


[At IV] 


0.44 


0.05 


0.37 


0.04 


7263 


[Ar IV] 


0.12 


0.04 


0.10 


0.03 


7281 


He I 


0.99 


0.08 


0.82 


0.06 


7321 


[0 II] 


2.50 


0.06 


2.06 


0.05 


7331 


[0 II] 


3.18 


0.06 


2.62 


0.05 


7750 


[Ar III] 


2.29 


0.05 


1.85 


0.04 
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Table 6: Physical parameters of Sagittarius PN 

Parameter He 2-436 Wray 16-423 





Value 


Error 


Value 


Error 


c 


0.61 


0.05 


0.20 


0.04 


E B -v (mag.) 


0.42 


0.03 


0.14 


0.03 


Log 10 F(H/?) a 


-12.17 b 


0.03 


-12.09 


0.03 


Log 10 F(H/3) c 


-11.56 


0.06 


-11.89 


0.04 


Te (K) 


12600 


400 


12400 


400 


N e (cm~ 3 ) 


1.1x10 s 


0.3xl0 5 


6000 


1500 


Ionized mass (M Q ) 


0.016 




0.14 




Tzanstra (H I) 


61000 




85000 




Tzanstra (He II) 






96000 




B (mag.) d 


16.7 




18.7 




L 


5300 




2300 





"Observed flux 

6 Absolute observed H/3 flux and error from Webster (1983) 
c Dereddened flux 
d Corrected for extinction 



Table 7: Observed and redenning corrected spectrum of Fornax PN 

A (A) IDENTIFICATION OBSERVED DEREDDENED 







FLUX 


ERROR 


FLUX 


ERROR 


3727 


[0 II] 


35 


6 


34 


6 


3869 


[Ne III] 


45 


5 


43 


4 


3889 


H I (B8) + He I 


22 


4 


21 


4 


3970 


[Ne III] + He (B7) 


25 


4 


24 


3 


4101 


H<5 (B6) 


28 


3 


27 


3 


4340 


H 7 (B5) 


38 


3 


37 


3 


4861 


H/3 (B4) 


100 





100 





4959 


[0 III] 


179 


7 


180 


7 


5007 


[0 III] 


548 


19 


551 


19 


5876 


He I 


12 


2 


13 


2 


6563 


Ha (B3) 


271 


21 


285 


12 


6583 


[N II] 


12 


3 


13 


3 



Note.— Reddening c=-0.07±0.13 (E s _ v =-0.04) 
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4. Discussion 

4.1. Abundances of PN in dwarf elliptical 
galaxies 

Table 8 contrasts the abundances of the light 
elements measured in the two PN in the Sagittar- 
ius dwarf elliptical with that in the Fornax dwarf 
galaxy (from Maran et al. 198~4| ). The similarity 
in abundances of O, Ne, S and Ar of the two PN 
in the Sagittarius dwarf can be regarded as inde- 
pendent evidence, in addition to the dynamical 
data, that both Wray 16-423 and He 2-436 do be- 
long to the Sagittarius Dwarf galaxy. The abun- 
dance values listed for Fornax in Table 8 must 
be considered more uncertain in view of the lack 
of a direct measurement of the electron density 
in this nebula. The striking aspect is that the 
O, Ne and Ar abundances are identical within 
the errors between the Fornax PN and the Sagit- 
tarius PN. This level of similarity strongly sug- 
gests that all three PN were formed within a com- 
mon evolutionary scenario and, since they arise 
in similar mass stellar systems, at similar evolu- 
tionary times. The largest discrepancy between 
these three PN is for N, where the N abundance 
of He 2-436 is very low. However the ionization 
correction factor is large for this element and 
the diagnostic diagram shows a range of physi- 
cal conditions; a lower electron temperature and 
or a higher electron density in the low ioniza- 
tion zone would increase the N abundance. The 
abundances are much lower (by 0.5 dex on aver- 
age) than Galactic PN as indicated by the com- 
parison in Table 8 with the mean abundance for 
42 non-Type I (i.e. from low mass progenitors) 
Galactic PN from Kingsburgh & Barlow (1994). 
Solar abundances are included for comparison in 
Table 8 (column 9). 

Confirmation that He 2-436 and Wray 16-423 
do belong to the Sagittarius dwarf can be sought 
by comparing the nebular abundances with those 
of the stellar population. The PN abundances 
give a mean depletion of -0.7 with respect to So- 
lar ([X/H]). However in the case of the stars there 



appears to be a wide range of metallicities so di- 
rect comparison of PN and stellar metallicities 
is equivocal. Sarajedini & Layden (1995) found 
two populations at [Fe/H] = -0.52 and -1.2, as 
well as a more metal-poor population associated 
with M 54; Mateo et al. (1995) found a mean 
metallicity of [Fe/H] = -1.1 and Whitelock et al. 
(1996) a mean value of [Fe/H] = -0.8. Marconi et 
al. (1997) observed a spread in [Fe/H] between 
-0.7 and -1.58, with a dominant population simi- 
lar to the cluster Terzan 7 and Ibata et al. (1997) 
measured a metallicity range between [Fe/H] = 
-0.8 and -1.0. It can be concluded that the Sagit- 
tarius PN progenitors are representative of the 
higher metallicity tail of the Sagittarius popu- 
lation. Choosing as compromise a mean [Fe/H] 
of -0.8, leads to a relative oxygen abundance of 
[O/Fe] = +0.2 for Sagittarius. 

It is natural to compare the abundances of 
the Sagittarius and Fornax PN with those of the 
'halo' PN. The halo PN are not a well defined 
group, being selected on the basis of either posi- 
tion away from the Galactic plane, high velocities 
and or low abundances. Their abundances vary 
over a rather wide range so it is not appropri- 
ate to form a mean abundance set (see Howard 
et al (1997) for an abundance analysis of 9 halo 
PN). Clegg et al. (1987) compared the abun- 
dances of three halo objects H 4-1 (PN G 049.3 
+88.1), BoBn-1 (PN G 108.4 -76.1) and DdDm-1 
(PN G 061.9 +41.3). It is clear that the abun- 
dances of the Fornax and Sagittarius PN closely 
resemble those of DdDm-1 to a remarkable de- 
gree, and this PN is included in Table 8 (data 



from Clegg et al. 1987 ). The possible candidate 
PN in Sagittarius, PRMG-1 (PN G 006.0 -41.9), 
is included in Table 8 although the N and S abun- 
dances are limits only; the abundances are also 
similar to the Sagittarius and Fornax PN. Barker 
h Cudworth (1984) have suggested that S and 
Ar, which should not be affected by the AGB nu- 
clear processing, should be representative of the 
heavy element abundance of the parent material. 
The similarity in abundances of the Sagittarius 
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and Fornax PN and DdDm-1 in these elements 
confirm their origin in a population which did 
not undergo large element enrichment from su- 
pernova products. In contrast the abundances of 
all elements are much higher, by ~0.8dex, than 
for K 648, the PN in the metal poor Galactic 



globular cluster M 15 ( Adams et al. 1984 ), which 
is also listed in Table 8. 

In PN with low mass progenitors (non Type 



I), I the abundance of O is only marginally af- 



fected by AGB evolution (<0.2dex, e.g. Kings- 



bu 'gh fc Barlow 1994 ). However, the sum of 
C, N and O should change little through the 
AGB evolution. The increase in carbon is due 
to triple-a reactions, the products of which are 
brought to the surface by the 3rd dredge-up. As- 
suming that the derived C/O abundances from 
the C II 4267A line are fairly reliable for the 
Sagittarius PN, both show excess carbon indi- 
cating that He shell flashes have occured. The 
C abundance of the Fornax PN is more reliable 
and shows a similar level at C/H of lxlO -3 . In 
contrast DdDm-1 shows low carbon abundance 
(12+Log(C/H)<7.1, |Clegg et al. 19871 ) and it 



has been suggested that most of the C was con- 
verted into N and that mass loss of the low 
mass core terminated after only early AGB evo- 
lution ( Clegg et al. 19~87| ). The high carbon 
abundance in the dwarf galaxy PN suggest that 
these stars have progressed through a number 
of thermal pulses and suffered He shell burning. 
The lower N abundance for He 2-436 could be 
due to relatively little carbon being burnt to N 
(the 12+Log(C/H) abundance of He 2-436 is 9.2, 
whilst it is 8.8 for Wray 16-423, taking the C/O 
ratios at face value). 

The fundamental question to be answered is: 
what do the abundances of the PN in the Sagit- 
tarius and Fornax dwarf galaxies tell us about the 
progenitor stars from which they were formed, 
and further, what do they reveal of the evolu- 
tionary history of these galaxies. The similar- 
ity of S and Ar abundances with the SMC PN 
abundances ( Monk et al. 198£| ) is striking and, 



together with the proposal that the Sagittarius 
galaxy is quite massive ( tbata et al. 199?] ), sug- 
gests that the difference between the SMC and 
Sagittarius can partly be understood in terms of 
gas being stripped from Sagittarius and with lit- 
tle interaction occurring with gas clouds, in con- 
trast to the SMC. The fact that the PN abun- 
dances are almost as low as in the more metal rich 



blue compact galaxies (such as II Zw 40, Walsh & 



Roy 1993j and NGC 2363, |Peimbert et al. 1996Q 



suggests that these satellite galaxies could be re- 
lated objects with a different history of gas infall. 
If the elevated oxygen abundance of the Sagittar- 
ius and Fornax PN relative to K 648 in M 15 is a 
guide, then the Sagittarius and Fornax systems 
are not simply agglomerations of Galactic glob- 
ular clusters. The similarity between the abun- 
dances of the two Sagittarius PN and those of 
PRMG-1 ( Pena et al. 1989| ), suggests that the 
latter PN could also belong to the Sagittarius 
dwarf. If PRMG-1 does belong to the Sagittar- 
ius galaxy and is still bound, then the extent of 
the galaxy is much larger than found by Ibata et 
al. (1997). DdDm-1 also has similar abundances, 
but due to its location it would be premature to 
suggest that it was once a member of the Sagit- 
tarius dwarf. The similarity of abundances be- 
tween the Sagittarius and Fornax PN and some 
halo PN suggests that some halo stars could have 
been been captured from satellite dwarf galaxies 
such as Sagittarius and Fornax. 

The [O/Fe] value for the Sagittarius dwarf has 
implications for the metal enrichment history of 
this galaxy. An [O/Fe] value significantly higher 
than Solar would rule out Sagittarius dwarf 
irregular galaxy, but taking account of the spread 
in [Fe/H] deduced from the various published de- 
terminations, this argument is weakened. The 
presence of a wide metallicity range indicates star 
formation at different times. Several pieces of ev- 
idence point towards the notion that Sagittarius 
was more massive in the past: it falls below the 
luminosity-metallicity relation of Lee (1995); it 
is being disrupted by the Milky Way ( [Piatek & 
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Pryor 1995; Velazquez fc White 1995| ; Johnston 
et il. 1995 ); it may have had an escape velocity 
high enough to retain the gas and form successive 
generations of stars ( Ibata et al. 1997| ). The fact 
that [O/Fe] is ~ +0.2 would argue against signif- 
icant enrichment from SN type I. In an isolated 
dwarf galaxy, this value would favour a SN driven 
wind followed by recapture of the enriched gas 
with subsequent star formation. Thus, the avail- 
able element ratios are not inconsistent with two 
bursts of star formation, although the star for- 
mation history of Sagittarius must be unusual. 
In particular, this history may not be directly 
compared to that of other more distant dwarfs 
that have not suffered severe interactions with 
the Milky Way. The interation with the Galaxy 
may have caused the gas to escape after a few or- 
bits, and it may have caused prior bursts of star 
formation. 

4.2. The central stars of the Sagittarius 
PN 

Both He 2-436 and Wray 16-423 show Wolf- 
Rayet (WR) features in their spectra. Figure 3 
shows part of the low dispersion ESO 1.5m spec- 
tra at the flux levels of the broad stellar lines. 
Table 9 lists the observed equivalent widths, 
line widths (FWHM corrected for instrumental 
width) and fluxes: He 2-436 shows strong C IV 
4658 and 5810A and weaker N III 4640A and 
He II 4686A, but no C III lines (4650 and 5695A) 
were detected; Wray 16-423 shows weak N III 
4640A, C III 4650A and C IV 5810A, barely de- 
tected C III 5695A, but no detectable broad He II 
4686A emission. On the basis of the relative line 
strengths He 2-436 is classified as type [WC3-4] 



sin pe it has strong C IV, lack of C III and no 
O V or O VI; Wray 16-423 is classified as type 
[WC8] on the basis of the similar strengths of 
the C III and C IV lines and absence of O V 



(c.f. the WR classification of PN by Tylenda et 



has an earlier [WC] class but a lower tempera- 
ture, whilst Wray 16-423 has a later spectral class 
but considerably higher stellar temperature. The 
weak and narrower lines of Wray 16-423 would 
lead to its classification "weak emission line 
central star" by Tylenda et al. (1993), so it 
may be somewhat misleading to directly compare 
both stars. However the discrepancy is puzzling 
when considered simply in terms of ionization - 
the hotter star appears to produce a lower ion- 
ization wind than the cooler star. This effect 
remains unexplained but could possibly be due 
to different line blanketing in the two stars. 

The Wolf-Rayet characteristics of the two cen- 
tral stars give important constraints on their evo- 
lutionary status. Central stars of planetary neb- 
ulae (CSPN) mostly evolve either on hydrogen- 
burning QSchonberner T983| ) tracks or on helium- 
burning tracks, before entering the white-dwarf 
cooling phase. The track for a given object de- 
pends on the phase of the thermal-pulse cycle 
at which the central star leaves the AGB. Since 
the hydrogen-burning phase lasts several times 
longer than the helium-burning one, most CSPN 
are assumed to belong to the former category. In 
contrast, since the Wolf-Rayet CSPN are known 
to be hydrogen poor, there is little doubt that 
they are presently in a helium-burning phase (e.g. 
Pottasch 1996j ). The wind emission lines, which 



are the defining characteristics of WR stars, are 
expected to disappear on the white-dwarf cooling 
track: the luminosity quickly drops by a factor of 
100, far below the Eddington luminosity. Conse- 
quently, [WC] stars will still be on the nuclear- 
burning part of their evolution. 

Compared to the Schonberner tracks ( [Schonberner 



1983 ), which assume quiescent hydrogen burn- 
ing, helium burners are expected to deviate in 
their evolutionary time scales and luminosity 
evolution ( Iben 1984 ). Detailed calculations of 



|al. 1993 ). However this classification goes in the 
opposite sense to that expected from the Zanstra 
temperatures of both stars (Table 6): He 2-436 



evolutionary tracks including helium-burning phases 
have been made by Vassiliadis & Wood (1993) 
but these are not yet comprehensive. Whereas 
quiescent hydrogen burners are described by the 
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Table 8 

Comparison of abundances for dwarf elliptical galaxy and Galactic PN 



Element* 


He 2-436 


Wray 16-423 


Fornax" 
PN 


DdDm-l v 


PRMG-1 W 


K 648 x 


Galactic 

pw 


Solar 2 


He 


11.02±0.02 


11.03±0.02 


11.08 


11.0 


10.96 


11.02 


11.05 


10.99 


N 


6.97±0.16 


7.62±0.10 


7.5 


7.4 


<8.3 


6.5 


8.14 


8.00 





8.29±0.08 


8.31±0.07 


8.4 


8.1 


8.06 


7.67 


8.69 


8.93 


Ne 


7.57±0.08 


7.50±0.08 


7.6 


7.3 


7.23 


6.7 


8.10 


8.09 


S 


6.30±0.08 


6.48±0.08 




6.5 


<7.00 


5.2 


6.91 


7.24 


Ar 


5.76±0.12 


5.88±0.08 


5.9 


5.8 


5.50 


4.3 


6.38 


6.57 



*12 + Logi (Abundance/H) 

u Fornax PN O, Ne and Ar abundances from Maran et al. (1984) 
v DdDm-l abundances from Clegg et al. (1987) 
W PRMG-1 abundances from Howard et al. (1997) 

X K 648 abundances from Adams et al. (1984), except for S and Ar from Barker & Cudworth (1984) 
y Mean composition for 42 non-Type I Galactic PN from Kingsburgh & Barlow (1994) 
z Solar abundances from Anders & Grevesse (1989) 



Table 9: Parameters of stellar emission lines in He 2-436 and Wray 16-423 



Target 


A(A) 


IDENT. 


EW(A) FWHM(A) 


Flux 51 


He 2-436 


4640 


N III 


-15.3 


12.3 


3.7 




4658 


C IV 


-55.4 


23.0 


13.4 




4686 


He II 


-23.7 


13.4 


5.7 




5810 


C IV 


-164.6 


31.1 


32.9 


Wray 16-423 


4640 


N III 


-12.7 


13.1 


1.0 




4650 


C III 


-5.4 


9.9 


0.45 




5810 


C IV 


-5.8 


14.7 


0.42 



Observed flux in ergs cm 2 s 1 xlO 
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Fig. 2. — N e - T e diagnostic diagrams for He 2- 
436 and Wray 16-423 are shown. The line ra- 
tios from which the diagnostic curves are de- 
rived are indicated. For ratios not indicated 
the following holds: [O III] = 5007/4363A; 
[N II] = 6583/5755 A; [Ar IV] = 4711/4740A; 
[Cl III]5517/5537A. 




4500 0000 0500 6000 
Wavelength (A) 



Fig. 3. — Detail of the continuum spectra of He 2- 
436 and Wray 16-423 is shown. The broad stellar 
lines of C IV 5810A are arrowed and the com- 
plex of broad lines from C III, C IV, N III and 
He II is visible around 4600A, although weaker 
in Wray 16-423 where they are confused by the 
strong nebular lines. 



core mass as the single major free parameter, he- 
lium burners need in addition the phase of the 
thermal-pulse cycle which measures where on the 
evolution the thermal pulse occured. In addi- 
tion, the models assume the presence of an in- 
ert hydrogen layer above the helium layers. In 
the [WC] stars this layer is absent. As a con- 
sequence they are not expected to be well de- 
scribed by present models (tSchonberner 1996 . 
Schonberner 1997| ) and extreme care has to be 



taken in using helium tracks to describe Wolf- 
Rayet central stars. One of the most favored 
scenarios for forming hydrogen-deficient central 
stars is the so-called "very late" thermal pulse, 
whereby the helium-flash starts after the cessa- 
tion of hydrogen-burning (i.e. when the star is on 
the white dwarf cooling track). The convective 
mixing that later occurs transports any remain- 
ing hydrogen downwards into hotter layers where 
it is burned. The C and O surface abundances 
predicted in this scenario do not however agree 
with the observed ones ( Schonberner 1996| ). Evi- 
dence for the presence of helium-burning central 
stars among planetary nebulae in the LMC has 
been presented by Dopita et al. (1997). 

Helium-burning central stars are expected to 
evolve on tracks of decreasing luminosity to- 
wards higher stellar temperatures. The final 
thermal pulse can occur at the tip of the AGB 
or during the post-AGB evolution. Immedi- 
ately following the thermal pulse, the evolution 
is very fast ( Vassiliadis &: Wood 1993j ), and stars 
in an early phase after the thermal pulse may 
show up as bright infrared sources ( ^ijlstra~et 



al. 1994 ). Subsequently, during quiescent helium 
burning, they evolve about three times slower 
than hydrogen-burning stars of the same core 
mass. However the Wolf-Rayet wind has little 
effect on the chemical composition of the neb- 
ula: during the time of heaviest mass loss follow- 
ing the thermal pulse, the mixing which causes 
the disappearance of the hydrogen envelope has 
not yet begun. Galactic planetary nebulae sur- 
rounding [WC] stars do not show differences in 
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their abundance patterns ( [Pottasch 1996 , Gorny 
& $tasinska 19951) . 

The stellar luminosities of both PN are listed 
in Table 6 based on the magnitudes and black 
body temperatures of the central stars. An esti- 
mate of the error on the derived luminosities is 
20%, resulting from the errors on the extinction, 
the magnitude and the black body temperature. 
For He 2-436, a lower limit to the luminosity can 
be derived by integration of the 12 and 25/um 
fluxes and the upper limits to the 60 and 100/im 
IRAS fluxes; a value of 4600L Q is derived, consis- 
tent with the value in Table 6. Helium-burning 
central stars can explain why the two Sagittar- 
ius PN have luminosities which differ by a factor 
of 2 (Table 6). The models for helium-burning 
central stars (assuming an inert upper layer of 
hydrogen) show that their luminosity along an 
evolutionary track decreases by upto a factor of 
0.6 dex, whereas hydrogen-burning central star 
models keep a constant luminosity before enter- 
ing their cooling track. The two PN are ex- 
pected to have similar core masses: for progeni- 
tor masses of 1 M and lower, the final mass is 
strongly peaked around a value of approximately 



0.55 M with very small dispersion ( Weideman 
19c|7]). Only for stars of twice solar and higher 
masses are significantly higher final masses ex- 
pected. For hydrogen-burning tracks this would 
lead to similar luminosities as well, excluding the 
white-dwarf cooling track. The different lumi- 
nosities indicate that at least one (the one with 
the lower luminosity) is not evolving on a track 
of quiescent hydrogen burning. The position on 
the HR diagram indicates that neither star has 
entered the white-dwarf cooling track. 

He 2-436 has a higher luminosity than Wray 16- 
423 and the central star is cooler. The nebula 
is still young, as indicated by its high density, 
low ionized mass (Table 6), compact angular size 
(unresolved in our images) and strong infrared 
emission; it has shown fast evolution from the 
AGB. One can hence infer that the star is in 
an early post-helium-flash evolution. Its lumi- 



nosity should still be close to the corresponding 
hydrogen-burning phase. Assuming therefore the 
hydrogen core mass-luminosity relation of Vassil- 
iadis & Wood (1993), a core mass of 0.59 M is 
indicated. Wray 16-423 is more evolved, based 
on the lower luminosity, lower density and larger 
angular size (the nebula is resolved with a di- 
ameter of 1.2"), as well as lack of infrared emis- 
sion. Assuming an expansion velocity of 15 km 
s- 1 ( [Zijlstra fc Walsh 1996Q and using the dis- 
tance of 25 kpc to the Sagittarius dwarf galaxy, 
a dynamical age of 4000 years can be deduced 
for Wray 16-423. Competing factors contribute 
to the large uncertainty that should be assigned 
to this figure. As the PN shell enters its energy- 
driven phase ( Kahn fc Breitschwerdt 1990| ), the 
pressure due to the hot shocked gas filling the in- 
ner cavity can accelerate the shell. On the other 
hand, the outer parts of the shell trace the ma- 
terial expelled during the early superwind phase 
when the wind velocity might have been lower: 
the details of the velocity law along the super- 
wind phase are not known. 

The models of Vassiliadis & Wood (1993) or 
Blocker (1995a, 1995b) give estimates for the 
transition time from the tip of the AGB to the 
post-AGB phase and then for the evolutionary 
time scale on their tracks. The uncertainty on 
the former quantity is quite large due to differ- 
ent definitions of the end of the AGB between 
these authors and even changes quite substan- 
tially between the models. A dynamical age of 
4000 years is still consistent with the time scale 
needed by a 1 M Q star to evolve from the top of 
the AGB to the actual position of the Sagittar- 
ius PN central stars on a log L-log T e ff diagram. 
Provided that the comparison to helium-burning 
tracks is relevant one can conclude that although 
no single track in Vassiliadis & Wood (1993) can 
be uniquely identified with both PN, observation- 
ally the results are consistent with Wray 16-423 
and He 2-436 evolving on the same track. 

Wolf-Rayet central stars make up about 10- 
15% of the Galactic PN population. They are 
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found both in the disk and bulge, but none are 
known in the Galactic halo. This indicates a dif- 
ference between halo/globular cluster PN pop- 
ulation (no [WC] stars among ten known PN) 
and Sagittarius (two out of two). However the 
presence of weak emisssion line stars, such as 
Wray 16-423, requires deep spectra and broad 
stellar features may have been missed. This dif- 
ference between halo PN and those in Sagittarius 
could be explained if the halo PN have somewhat 
lower luminosities, and are therefore unable to 
sustain a wind. The fact that, from stellar popu- 
lation studies ( Mateo et al. 1996 ), the bulk of the 
stellar population in Sagittarius appears younger 
than the Galactic halo is consistent with this. 
Metallicity might also be a factor, however at 
this stage of evolution the stellar abundances are 



dominated by self-produced metals. A possible 



explanation of the lack of [WC] stars in the halo 
is that the [WC] phase at lower core mass could 
be more confined to the high-luminosity peak fol- 
lowing the thermal pulse where evolution is very 
fast. 

4.3. Sagittarius as a dwarf elliptical galaxy 



The Sagittarius dwarf is now heavily distorted 
by the tidal field of the Milky Way (e.g. Dbata 



|st al. 1997) , piatek fc Pryor 1995| ), making 
it difficult to decide its original type. Even 
though it appears to have a substantial frac- 
tion of intermediate-age stars (e.g. [5arajed ~ 



mi 



|fc Layden 1995| , |Mateo et al. 1996|) , the galaxy 



presently contains no neutral hydrogen ( Koribal 



gki et al. 1994 ), an argument favouring a dwarf 
elliptical over a dwarf irregular galaxy. The gas 
could have been stripped by its many passages 



through the plane of the Milky Way (Ibata et al 



1997). Figure 4 shows the [O/Fe] abundance ra- 



tio plotted against the logarithmic oxygen abun- 
dance for the Sagittarius dwarf, together with 
data for the Milky Way and its satellite galax- 
ies and for the dwarf satellites NGC 185 and 
NGC 205 of M 31. In this figure the O abun- 
dances are derived from the PN and the Fe from 



the stellar population. The data for NGC 185 
and NGC 205 are taken from Richer et al. (1997). 
For NGC 205 the oxygen abundance is based on 
lower limits derived from [O III] and H/3 line 



fluxes for 9 PN (Richer fe McCall 1995|) , whilst 
for NGC 185 it is based on spectroscopy of two 
PN. The oxygen data for the Milky Way disk and 
bulge are from Ratag et al. (1992). 

For the Fornax dwarf, Richer & McCall (1995) 
estimate an oxygen abundance 0.4 dex lower than 



that measured for the PN (Maran et al. 1984; 
Danziger et al. 1978 ) based on the fact that 



the oxygen abundance is slightly higher for the 
brightest PN in samples for the LMC, SMC and 
the Galaxy. However it can be argued that if 
this is the only PN in this galaxy, which is con- 
sistent with the mass of the galaxy ( pjijlstra~& 



Walsh 1996), then such a correction is not ap- 



plicable. A further argument against applying 
such a correction is that for the two Sagittarius 
PN, one (He 2-436) is about twice the luminosity 
of the other whilst their oxygen abundances are 
very similar. Inferring the oxygen abundance of 
a stellar population based on a few PN is clearly 
a complex task and not one that can immedi- 
ately be referred to more massive galaxies where 
samples are large and the star formation history 
may be quite different. The oxygen abundances 
for NGC 185 and NGC 205 used in Figure 4 have 
been determined by applying a correction to the 
lower limits based on the behaviour of Milky Way 
and Magellanic Clouds PN samples. From Fig- 
ure 4 it is clear that the [O/Fe] abundance of 
the Sagittarius galaxy is higher than that in the 
Magellanic Clouds by a factor of ~ 2, which also 
argues against Sagittarius having been an SMC- 
like galaxy. 

The Sagittarius PN have somewhat higher 
abundances than those in the Milky Way halo 
(see Table 8), typical of younger PN than the 
halo ones and much higher than K 648. Mateo 
et al. (1995) argue that the specific frequency 
of RR Lyrae variables in Sagittarius is low com- 
pared with other dwarf elliptical galaxies, which 
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is consistent with a higher metallicity and rela- 
tive youth of Sagittarius with respect to the halo. 
This indicates that the halo could not have been 
made entirely of dwarf galaxies such gittar- 
ius. 

The total absolute magnitude of Sagittarius 
is unknown. Based on the number of RR Lyrae 
stars, Mateo et al. (1995) estimated a total mag- 
nitude My = —13, and —11, if Sagittarius had 
a total of 1930 and 310 RR Lyrae (type ab) 
stars respectively. Alard (1996) and Alcock et 
al. (1997) have discovered more than 350 RR 
Lyrae type ab stars in the northern extension of 
Sagittarius alone. Their surveys cover at most 
1/5 of the total extension of Sgr, judging from 
the isophotes, so it is concluded that Sagittar- 
ius contains N > 1800 RR Lyrae type ab stars. 
Following the arguments of Mateo et al. (1995), 
a value of My = —13 is adopted for Sagittar- 
ius, which is consistent with a minimum total 
mass of 10 9 M Q Qlbata et al. 1997|) . Sagittarius 



also has at least 4 globular clusters ( Ibata et al. 
19@ but there are a number of globular clus- 
ters in the Galactic bulge region («30) without 
velocity or distance information that could also 
be members. The data accumulated so far 



see m 



particular Ibata et al. 1997) indicates that Sagit- 
tarius is at least as massive as Fornax, and it is 
likely that this galaxy is the most massive of all 
the dwarf satellite galaxies of the Milky Way. 

It is apparent that the oxygen abundance 
in dwarf elliptical galaxies is higher than for 
dwarf irregulars at the same absolute magnitude 
( Richer fc McCall 1995] ), by about a factor of ~2. 
Figure 5 shows the dependence of the galaxy lu- 
minosity on the oxygen abundance for all the Lo- 
cal Group dwarfs (irregulars and ellipticals) with 
measured PN or H II region O abundances. This 
figure shows that, even though the total absolute 
magnitude of Sagittarius is still uncertain, this 
galaxy shares the location with the typical dwarf 
ellipticals NGC 185, NGC 205, and Fornax. It is 
concluded that the present study of the Sagittar- 
ius PN, added to the previous evidence, supports 
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Fig. 4. — Plot of the [O/Fe] abundance ratio ver- 
sus the logarithmic oxygen abundance (12.0 + 
Logio(0/H)) for dwarf elliptical galaxies around 
the Milky Way and M 31. The source of the data 
for the Milky Way and the M31 satellite galaxies 



(NGC 185 and 205) is Richer & McCall 1995 
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Fig. 5. — Plot of the absolute blue magnitude 
of the satellite dwarf galaxies of the Milky Way 
and M 31 against the oxygen abundance (12.0 
+ Logio(0/H)). The total magnitudes are taken 
from |Richer k McCall 1995 as are the oxygen 
abundances for the dwarfs except for Sagittarius 
(this work) and Fornax (oxygen abundance from 
Maran et al. 1984[ ). 
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the notion that Sagittarius was not a dwarf irreg- 
ular, but most probably a dwarf elliptical galaxy. 

5. Conclusions 

Optical spectra of the two planetary nebu- 
lae in the Sagittarius dwarf galaxy have been 
analysed and the abundances and physical con- 
ditions studied. Both PN display similar abun- 
dances, differing considerably only for nitrogen. 
The abundance pattern is also very similar to 
that for the PN in the Fornax dwarf galaxy. 
The abundance of oxygen (for example) in these 
three PN is lower than that of Galactic PN, but 
not as low as for genuine halo PN, such as the 
PN in the globular cluster M 15. Broad stellar 
(WR) lines are seen in both nebulae in Sagitar- 
ius with He 2-436 displaying the stronger lines. 
The luminosity of He 2-436 is about twice that 
of Wray 16-423 and the latter has a resolved 
ionized shell. In order to reconcile the different 
luminosities and evolutionary characterisitics of 
He 2-423 and Wray 16-423, it is suggested that 
both are on helium burning evolutionary tracks. 
The oxygen abundances of the M31 and Milky 
Way satellite galaxies, as revealed by their plan- 
etary nebulae, are compared and the evidence 
suggests that both Sagittarius and Fornax were 
not dwarf irregulars but more probably dwarf el- 
liptical galaxies before their interaction with the 
Milky Way. 
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